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An investigation has been made of the dynamic  stability  of  the 
Bell X-5 research  airplane at 5 8 . F  sweepback and at  altitudes of 
40,000 feet  and 25,000 feet  over a Wch number  range of 0.50 to 0.9'7. 

The  results of this investigation  show  that  the longitudinal OSCLI" 
latory  motions  are w e l l  damped  over  the entire Mach  number  range  except 
for  residual  oscillations  resulting  principally  from  engtne  gyroscopic 
coupling  Kith  the lateral oscillatory  mode.  The lateral oscillatory  mode 
is moderately wel l  ilnmped  except f o r  nonlinear damping characteristics 
above a Mach  number of 0.80. The damping is high f o r  large  amplitudes 
but  for  sideslip angles of less than 20 the damping is  poor. The air- 
plane is highly sensitive to small inadvertent  control  motions  which 
produce  apparently undamped small amplitude  oscillations in the Mach 
number  range  above M = 0.80. 

By U. S. M i l L t m y  Specifications,  the  lateral  oscillation  is mar- 
ginal  except in the  nonlinear w i n g  rmge where it is  definftely 
unsatisfactory. 

The  longitudinal  and  lateral  frequency-response  characteristics  were 
obtained and some  coupling  effects  were  noted. Longitudinal frequency- 
response  calculations  were  characterized by addacently  located double 
peaks in amplitude  ratio. This bePlavior is satisfactorily  explained by 
theoretical  calculations of frequency  responBe  involving  engine  gyroscopic 
coupling to the  lateral  mode. Lateral frequency  responses  showed  some 
dependence on the  direction of the  Initial  disturbance. 

i 
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INTRODUCTION d 

The Bell X-5 research  airplane  was  designed  primarily for investiga- d 

ting  the  effects  of w i n g  sweep  angle on transonic airplane characterlst3cs. 
Accordingly,  this airplane incorporates a wing  which has sweepback  vari- 
able  in flight frm 20° to 58.70. As part of the  research program, 
flight  measurements  have  been  made  with  the X - 5  airplane to determine 
the  longitudinal and lateral dynamic stability  characteristics  over a 
Mach  number  range  of 0.50 to 0.n at an altitude  of  about ~0,000 feet 
and  with a wing  sweep angle of 58.70. Flight  measurements  have a l s o  
been  made  at 25,000 feet to determine  altitude  effects.  This  paper  pre- 
sents  the  longitudinal  and  lateral m i c  characteristics Fn terms 
of P, %/2 at.altl.tudes of 40,000 feet  and 25,000 feet.  Some of the 
longitudinal  stability  derivatives  are  also  presented  for these altitudes. 
The  longitudinal  and  lateral  frequency  responses  are  given for the  tests 
at an altitude of 40,000 feet. 

SYMBOLS 

c, pitching-moment  coefficient  about  airplane  center 
of  gravity 

i& = dwda 

'%e 
= dCddBe 
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cm+ rate of change of pftching moment due  to  engine  gyroscopic 
moment with precessional yawing velocity 

cNA normal-force  coefficient 

Cn6 rate of change of yawing moment  due  to  engine  gyroscopic 
moment with precessional  pitching  velocity 

- 
c1/2 cycles for  oscillation  to dRmp to one-half  amplitude 

z 

%/lo cycles  for  oscillation to Anmp to one-tenth  amplitude 

C chord, ft 

E mean  aerodynamic  chord, ft 

D a/dt,  differential  operator w i t h  respect to time 

Q acceleration due to gravity, ft/sec2 

hP  pressure  altitude, ft 

IY 

*Z 

L 

moment of inertia  about Z-body axis through center of 
gravity, slug-& 

lift, lb 

& M Mach nmber 

m mass, slugs 
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n 

P 

9 

s 

T1/2 

t 

V 

V e  

normal acceleration, g units 

period of oscillation,  sec 

dynamic pressure, $N2, lb/sq f t  

area of w i n g ,  sq f t  

thne for   osc i l la t ion   to  damp t o  one-half  amplitude, sec 

time, sec 

velocity,  ft/sec 

equivalent side velocity, @, ft/sec 57 -3 

angle of attack, deg or radians 

da/dt,  radians/sec 

angle of sideslip, deg 

double  amplitude of p In oscillatory mode 

single  aileron position, deg 

elevator  position, deg or radians 

rudder position, deg 

pitch angle, radians 

pitching angular velocity, d9/dt, radia.ns/sec 

a i r  density, slugslcu f t  

air density  ratio 

phase angle, deg 

rolling angle, deg 

rol l ing an- velocity,  radiasls/sec 

double  amplitude of cp in  oscillatory mode 

0 
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. 

f angle of yaw, radians 

$ ya*g an- velocity, dq/dt, radians/sec 

u) frequency,  radians/sec 

A three-view drawing of the X-5 research sirplane is  shown in 
figure l (a)  , and a photograph i s  presented in figure l(b) . Pertinent 
physical  characteristics are described in table I. 

Standard MACA internal recording  instruments w e r e  used to measure 
airspeed,  altitude, normal acceleration,  pitching, rolling, and Jgwing 
angular velocities,  angle of attack, angle of sideslip, and control 
surface  position. All recordfngs were aynchronized by a common timer. 

The an- velocities were measured by rate gyros with  accuraciee 
of 0.5 percent of instrument f u l l  scale. These instruments have the 
following ranges and dynamic characteristics: 

Angular velocity Range, N a t u r a l  frequency, DnmPing 
r a m s / s e c  cps (approx. ) (aPProx- 1 

Pitch 
Yaw 
R o l l  

fO .5 
33.0 
3 3  .O 

9.0 0.65 c r i t i c a l  
13.5 0.65 c r i t i c a l  
17.0 o .65 c r i t i c a l  

The flow direction  recorders were vane-type pickups mounted on the nose 
boom. The undamped natural frequency is about 8 cycles  per second and 
the  dmping  ratio is approxfmately 0.7. 

Rudder, aileron, and elevator  positions were  measured  by trans- 
mitters linked direct ly  t o  the  control  surfaces. The frequency response 
of the  transmitter-recorder system has been measured and found t o  be 
f l a t   t o  20 cycles  per second over the amplitude  range of the  control 
movements presented. 

Airspeed w a s  measured from a calibrated nose-boom Installation. 
The accuracy of the  airspeed  calibration is  kO.01 fn Mach number. 
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The data  were  obtained  from  the  transient  oscillation of the  air- 
plane in response  to  rudder  pulses,  elevator  pulses,  and  aileron  pulses. 
The  rudder  pulse  magnitudes  were 5O to 120, the  elevator  pulse  magni-' 
tudes  were 4O to 9, and the  a'ileron  pulse  magnitudes  were 20' to 280. 
The  time  duration  of all pulses was 0.3 second  to 1.0 second. At all 
times  the  pilot  attempted  to  have  the  pulse  terminate  with  the  control 
surface  in  its  initial  position and to  hold  the  control  surface  fixed 
for  the  duration of the  maneuver.  Generally all other  controls  were 
also  held  constant  throughout  the  maneuver.  The  pulses and resulting 
transient  oscillations  at  pressure  altitudes  of 40,000 feet  and  at  Mach 
numbers  below 0.93 were  obtained  for  initial 1 g trim  flight conditions. 
To obtain  data at speeds  greater  than M = 0.93 it was necessary to 
dive  the  airplane  at  angles up to 10'. However,  these  dive  angles  were 
sufficiently smal l  so that  the  change  in  altitude  would  have  negligible 
effect on the  oscillation. A smaller number  of  pulses  were  made at 
25,000 feet  to  investigate  altitude  effects.  Figure 2 presents  the 
average  normal-force  coefficient CrrA a8 a function  of  Mach  number  for 
all  pulses  at  both 25,000 feet and 40,000 feet. 

RESULTS AND DISCUSSION 

Longitudinal  Stability 

Figure 3 presents  representative  time  histories  of  the X-5 airplane 
transient-longitudinal  response  to an elevator  pulse at 40,000 feet. 
These  time  histories  were  chosen  to  cover  the  irmportant  parts of the 
Mach  number  range of the  flight  test  measurements.  Figure 3 shows that 
the  longitudinal  motiona  immediately  following  the  elevator  pulse damp 
quickly  over  the  entire  Mach  number  range.  However,  the  time  histories 
also  show  that  the  longitudinal  oscillations  induce a lateral-directional 
mode of oscillation which in turn  affects  the  Initial  transient- 
longitudinal  oscillation.  This  coupling will be  discussed  lateq  in 
conjunction  with  lateral  stability  and  frequency  response. 

Figwe 4 presents  the  variations  with  Mach  number  of  the  period, 
time  to damp to  one-half  amplitude,  and  cycles  to  damp  to  one-tenth 
amplitude for the  longitudinal  response of the  airplane  to an elevator 
pulse. These measurements  were  obtained  from 6 over  the  first part 
of the  transient  oscillation  immediately  following  the  cessation of 
control  movements.  This  portion of the  curve was chosen  for  making  the 
measurements in an attempt  to  minimize  the  effects of cross  coupling 
with  the  lateral  mode. It is  impossible  to  exclude  these  effects 
entirely  because,  as  the  time  histories  show ( f ig .  31, the  lateral- 
directional  mode is disturbed  almost as soon as  the  longitudinal mode 
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* i s  disturbed. This condition makes the measurement of T 1/2 P=tiCU- 

Wly di f f icu l t  and casts.scme doubt on the  validity of the measurements 

ered t o  be the best approximation to   the  true uncoupled longitudinal 
period and damping. The data a t  40,000 feet   ( f ig .  4 )  show that the 
period  varies smoothly with Mach number, decreasing gradually from about 
2.0 seconds at  M = 0.56 t o  about 1.5 seconds a t  M = 0.92. Above this 
speed the period drops more sharply, reaching 1.1 seconds at  M = 0.m. 
The data a t  25,000 f ee t  show that  the  period  decreases by about 20 percent 
t o  26 percent of the  value a t  40,000 feet .  The approximate theoretical 
change w i t h  a l t i tude i s  29 percent, based upon the approximation that 
the ratio of the periods a t  the two alti tudes i s  equal t o  the square  root 
of the  inverse r a t i o  of Qnamic pressure. 

d of both period and time t o  damp t o  0 n e - W  amplitude, but it is consid- 

The damping at 40,000 f ee t  changes only slightly with Mach nmber, 
the time t o  damp t o  one-half amplitude wing from near 1.0 second 
at  M = 0.55 t o  near 0.5 second at M = 0.97. This results fn a vari- 
ation with Mach nunber of the rider of cycles t o  AAmp t o  one-tenth 
amplitude as shown in figure 4. A t  25,000 f ee t  T show 
only small differences from the data a t  40,000 feet .  

1/2 and %/lo 

- 
Figure 5 presents the variation of the  longitudinal  stabil i ty 

derivatives C& and f- % with Mach nmiber f o r  the two test 
alt i tudes.  These derivatives were calculated from the  period and damping 
by the  relatiom: 

I 

The lift-curve  slope used in  the computation of % + % was obtained 
from flight measurements a6 presented i n  reference 1. Reference 2 shows 
that above M = 0.6 and below the  pitch-up boundary (ref. 3)  the 
X-5 airplane possesses two s t a t i c  stab=- regions and a t ransi t ional  
region which are dependent upon Mach nmiber and %A. These regions 
flow lift - decreased stabil i ty,   . transit ional stability, moderate lift - 
increased  stability) aze marked in figure 2. It may be s e a  that most of 
the  pulse maneuvers performed at  40,000 f ee t  are in or near the transi- 

region of constant though decreased s tabi l i ty .  Values of (fig. 's), 

I 

1 tional  region, whereas the maaeuvers performed at 25,ooO fee t  are in  a 

. 
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calculated  from  the  data at 40,000 feet  are,  therefore,  more  subject to t 

scatter than the  data  at 25,000 feet.  Figure 5 shows  that  the  agreement 
of % calculations for the  two  altitudes  is  not  perfect. It appears 
that  closest  agreement  is  obtained  between M = 0.8 and M = 0.9 where 
the  average C N ~  at the  two  altitudes  is on the  same  side of the  transi- 
tional  region of stability  (fig. 2) . 

I 

The  values of Q + t&, also presented in figure 5 ,  show  some 
scatter  which  is common to  this  method of obtaining  the  derivative. The 
scatter  is  possibly  aggravated  by  the  aforementioned  effects  of  coupling 
on  the  determination of T . However,  the  difference  between  the data 
at  40,000  feet and 25,000 feet  is  larger  than  the  average  scatter. 

1/2 

Lateral  S-Lability 

During  the  early  flights at 9.70 sweepback,  the  pilots  complained 
and  records  showed  that  the  airplane  oscillated  almost  continuously in 
the  lateral-directional  mode at small amplitudes,  particularly  at  Mach 
numbers  above 0.80. A n  investigation was made  to  determine if this  poor 
lateral  dynamic  behavior was affected  by  the  magnitude  of  the  disturbance 
and  if  the  motions  resulting  from  large  disturbances  were  stable. 

* 

" 
Accordingly,  rudder  pulses of Large amplitude  were  performed  at 

40,000 feet  over  the  Mach  number  range from 0.52 to 0 . g  and  rudder 
pulses  of varying amplitude  were  performed  at  Mach  numbers  between 0.8 
and 0.9. Throughout  each  pulse of the  latter  group  the  stick was held 
fixed  by a mechanical  stop  to  prevent  inadvertent  stick  movements. 

Figure 6 presents  typical  tFme  histories  at 40,000 feet of the 
transient  response of the X-? airplane  to  rudder  pulses over the  Mach 
number  range  tested. In the  measurement of dampfng  from  such  tbne 
histories  it was noted  that Tx/~ at  large  amplitude  depended  somewhat 
on the  direction of the initial disturbance. Also, though  good  damping 
as measured  by T1l2 was  usually  present  at  large  amplitudes,  it was 
observed  that  the  damping  would  decrease wtth decreasing  amplitude 
resulting in near  zero  aRmping  at small amplitudes  (fig. 7). To show 
the  nonlinear  effect,  the  damping was measured  as shown by  the  hypo- 
thetical  curve  in  figure 8. The  "large  amplitude"  range and "small 
amplitude"  range  were  separated  at  about = 2O. The  period  and 
damping  for  these  two  portions of the  oscillations  are shown in figure 9. 
The  characteristics of the  residual  oscillation  are  presented in fig- 
ure 10. Figure 9 shows  that  the  period  varies  Bmoothly  with Mach number, 
ranging from 2.8 seconds  at M = 0.52 to  about 1.3 seconds  at M = 0.96. II 

The  damping  measured  over  the  large  atrrplitude  portion of the  oscillation 
also  shows a smooth  and fairly consistent  variation up to M - 0.75. 

-. 
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For higher Mach numbers, despite  scatter,  there is a noticeable  separation 
between values of Tl/2 for  large amplitude and small. amplitude. This 
behador appears t o  contfnue t o  the highest Mach numbers tested. The 
cycles t o  dRmp t o  one-half amplitude show a simflar trend.  In  general, 
the damping of large amplitude lateral motion i s  good throughout the 
Mach  number range. 

The damping measured fo r  small amplitudes (fig. 9 )  , however, shows 
appreciably  large  variations  with Mach  number.  The low amplitude -ping 
be- t o  vary noticeably from the large amplitude dsuping at a Mach 
nmber of about 0.83 and reaches .a maximm %/2 value  about  double the  
large amplitude T1/2 a t  M = 0.86 t o  M =  0.88. Above M =  0.93 the 
low amplitude damping increases  rapidly and again generally approaches 
the  large amplitude danping. , The cycles  required t o  damp genera l ly  
follow a variation  similar t o  the time  required t o  dnMp. This variation 
between small amplitude and large amplitude rlnmplng thus  defines a region 
of nonlinear Anmplng extending from about M = 0.80 t o  the t e s t  limit. 
However, the  pi lots  report that the  airplane  apparently  regains much of 
i ts  damping Fn the small amplitude  range above M = 0.93. 

Included as Foints in figure 9 are  the  results of the  ser ies  of 
rudder pulses in the Mach nmiber range of 0.80 t o  0.90 in which rudder 
deflections of various amplitudes were made. A s  shown in the figure, 
points  for  large and amall oscil latory amplitude as previously  defined 
a re   f a i r ly  w e l l  grouped. The scatter  existing Fn these two groups  could 
not be identified w i t h  the  size of the rudder pulse.  Therefore it is 
concluded that the magnitude of the rudder disturbance does not  directly 
affect  the damping t o  any extent,  except as it affects  the lnitial ampli- 
tude of the  oscillations. 

Figure 10 presents  the amplitude of the  residual undamped oscil-  
la t ion of the  la teral   t ransient   osci l la t ion  for   the  s t ick held fixed 
with the mechanical stop  as  well as with simple manu1 restrafnt.  These 
data were obtained  primarily a t  the end of the  transient  oscil lations.  
However a few pOlnts, mostly  those of the  higher amplitude, a re  taken 
from undamped self-excited oscill~tions such as those of f igure 7. Th&se 
data show that w i t h  the stick  restrained by the mechanical stop  the 
residual oscil lation amplitude reached a maximum of 0.3O as compared with 
a maximum residual amplitude in sideslip of about 2.5' when the   s t ick is  
held manually. F!ran these  tests it would appear that s m a l l  aileron move- 
ments are   the major cause of the  residual  lateral   oscil lation. Figure 7 
does not appear t o  bear  out this conclusion since all controls are fixed 
w i t h i n  the limits of the  recorder as noted in figure 7. However, as 
stated in the following pi lo ts '  comments, any small disturbances such as 
gusts rnay init iate  these  oscil lations.  It will be noticed that the - 
amplitude of the residual oscil lation and the  nonlinear -ping character- 
i s t i c s  follow the s8me variation  with Mach number. Therefore, it w o u l d  
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appear  that  outside  the  nonlinear  damping  range,  below PI = 0.80, the c 

higher  damping  at small amplitude  of  oscillation  keeps  the small disturb- 
ances  from  causing a continuous  oscillation. 

b 

Figure 11 presents  the  period and damping for the  response  to  rudder 
pulses  at 25,000 feet.  It  may  be  noted  from  the  figure  that  the  cycles 
to  damp  to  one-half  amplitude  show  about  the  same  variations  as  shown by 
the  large  amplitude  points at 40,000 feet.  However,  at  the  lower alti- 
tudes and lower C N ~  (fig. 2) the nonlinear damping  effects  have  disap- 
peared  and  the  damping  remains  constant  Kith  amplitude  over  the  whole 
amplitude  range. 

The  data shown in figures 9 to ll are in substantial  agreement with 
the  pilots'  comments on  the  dynamic  stability  of  the X-5 airplane.  NACA 
pilots  who  have  flown  the X-5 airplane  feel  that  the  Mach  nrnnber  range 
of 0.85 to 0.92 is  dynamically  less  stable  than  at  speeds  above  this 
range.  The  pilots  agree  that in the  least  stable  region  the  airplane is 
subject  to  almost  continuous lateral osclllatians  of low amplitude  with 
zero  damping, similar to  the  time  history of figure 7. The  pilots  report 
that gusts,  changes in power  setting,  or small control  motions  initiate 
these  undamped  oscillations. 

Figures 12 and 13 present  the new Military  Specifications  for 
dynamic  lateral  stability  (ref. 4) and  the  recently  superseded U. S. Air 
Force  criteria  for  dynamic  lateral  stability  (ref. 5 ) ,  respectively.  The 
new  Specifications  (fig. 12) relate  the  reciprocal  of  the  number of cycles 
to  damp  to  one-half  amplitude  to  the  ratio  of  roll angle to  side  velocity, 

which  is  given by - = - - I" '" 57m3. The  value of cp was obtained by 

integrating  the  roll  velocity,  whereas j3 was measured  directly  from a 
flow direction  recorder.  The pouts presented  are  calculated  for  the 
various  damping  regions  of  the  transient  oscillation  previously  mentioned. 
According  to  the new Specifications,  sane  points  fall  into  the  satis- 
factory  region  and  others  into  the  unsatisfactory  region.  At  the  lowest 
Mach  number  range  the  points fall in the  satisfactory  region  but  are 
near the  border of the  unsatisfactory  region. In the  other  speed  ranges 
the  majority of points  fall  into  the  unsatisfactory  region. 

b 

lvel I PI Vfl 

The  superseded  Air  Force  criteria  (ref. 5 )  is presented  in  figure 13. 
A representative  number  of  points  over  the  Mach number range  have  been 
plotted  in  this  figure.  The  majority of points  fall into the  unsatis- 
factory  region  but  are  fairly  close  to  the boundary between  the  unsatis- 
factory and satisfactory  region. 

It will  be  noticed  that by both  the old and new criteria  the  dynamic 
lateral  stability of the X-5 airplane  is  predominantly  unsatisfactory. 

. 
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In evaluating  the  airplane,  the  pilots feel  that the lateral Qnaaic 
stabil i ty  characterist ics are unsatisfactory,  but  tolerable,  except in 
that portion of the speed range where the damping becomes noticeably 
nodineax. In this  region  the l o w  damping a t  mall amplitude coupled 
with a large  roll-to-sideslip  ratio makes the behavior  intolerable. 

Coupling of Oscillatory Motions 

A s  shown by the  time-history  plots  (figs. 3, 6, and 7), there is 
coupling between the lateral and longitudfnal  oscillatory modes. In 
general,  coupling  can  be caused by inertial   corrplhg  effects,  aerodynamic 
coupling, o r  engine  gyroscopic effects.  Although the   re la t ive magnitude 
of each type of coupling ha8 not been  determined for   the X-5 airplane, 
examination of the t h e  histories would indicate that both  gyroscopic 
'and aerodynamic coupling axe present in appreciable amounts. 

Figures  3(b) and. 3(c) show the  coupling from l o n g i t u d i h l   t o  lateral 
directional mode f o r  an elevator  pulse. Note that an up-elevator  pulse 
produces a right yawing motion, whereas a dam-elevator  pulse  produces 
a l e f t  yaw.. Since the aercdynamic c-oupllng to the laterel mode from a 
disturbance in pitch i s  usual ly  negligible,  this  coupling is believed 
due t o  gyroscopic effects.  The initial directions of coupled  motion for  
the two disturbance  directions agree with  those  expected from the gyro- 
scopic  precessional  torque of the jet engine. 

Figures 6(a) and 6(b) show the  coupling from the lateral mode t o  
the   l ong i tudhd  mode for  rudder  pulses. These time  histories show that  
a r ight  rudder  pulse produces a small initial decrease in angle of attack 
and a l e f t  rudder  pulse  produces a large  fncrease in angle of attack. 
A g a i n  gyroscopic  coupling is  implied; however, there are l a r g e   i n i t i a l  
amplitude and phase differences in the coupled oscil lation  for right 
and l e f t  rudder  pulses,  suggesting  the  probability of both aeroaynamic 
and gyroscopic couplLng. Sideslips performed with  the amlane have 
shown no appreciable  pitch- moments caused by sideslip, indicating no 
s t a t i c  aerodynamic coupling. 

In the X-? a i r p b e  configuration  the mass is  concentrated t o  a 
large  extent i n  the  fuselage and near  the  center of gravity. This phys- 
ical   characterist ic makes the moments of inertia about  the Y- and Z-axes  
relatively small as canpared with a conventional  jet-poyered  airplane of 
comparable weight  (determined experimentally by the method  of re f .  6, 
IY = 9,495 slug-ftz, IZ = 10,110 slug-ft2).  merefore, engine gyro- 

scopic  torques are effective in producing  disturbances in pitch and yaw. 
It will also be  noted by  comparing figure 4 and figure 9 that the periods 
of the  longitudinal and lateral oscillations  are almost  equal. This con- 
dit ion w i l l  produce a near  resomnt state for  the gyroscopic  coupling 



torque  and  resultant  coupled  oscillation. In this  case a poorly  damped c 

oscillation Fn either  the  longitudinal  or  lateral  mode  would  produce a 
forced  resonant  oscillation in the  other  mode.  For  example, an elevator 
pulse  in  the  directional  nonlinear  damping  region  would  couple a disturb- 
ance  to  the  lateral  mode,  producing a mnall poorly  damped  oscillation 
which  is  coupled  back to the  longitudinal  mode and appears  there  as a 
near  resonant  forced  oscillation.  For  these  reasons  engine  gyroscopic 
effects  are  considered  important in an analysis of the  characteristics 
of  the X-5 airplane. 

c 

Frequency  Response 

The  transient  responses of the X-5 airplane  have  been  analyzed  by 
means  of  the  Fourier  transform and the  frequency  response  obtained. 
These  calculations  were  made in order to present  the  dynamic  character- 
istics  of  the  airplane in a form  that  would  be  more  usable  to  autamatic 
control  system  designers.  The  calculations  were  made  on &g IEM machine 
calculator  by a numerical  integration  procedure  using  the  methods of 
reference 7. The  data  selected for analysis  were  from  the  same  tran- 
sient  responses  previously  discussed  and  were analyzed about  the  airplane 
body  axis. In addition  to  the  above  transients,  4.series of aileron 
pulses  were  made  over  the  Mach  number  range  for  frequency  response  only. 
The  airplane  responses m a l y z e d  and  presented in this  paper are El/Se, 
B/6,, +/Br, 4/~r, b/sr, and Q/B~* 

Reference 8 shows that  the  frequency-response  characteristics  are 
invariant  with  control  pulse  shape and size only when  the  system  is 
linear. It has been sham previously  that  the  lateral  mode of the 
X-5 airplane  is  nonlinear in damping over part of  the  amplitude  range 
of  the  oscillation.  The  frequency-response  curves  therefore  represent 
the  airplane  only  for  the  range  of  rudder  amplitudes  used in this 
investigation. 

Presented  in  figure 14 (a) are  typical  results  of  the  investigation 
in the  longitudinal  mode,  showing  the  frequency  response  of  the  pitching 
velocity for an elevator  input  B/Be  as  obtained  by analyzing an elevator 
pulse  maneuver. This figure shows the  amount  of  scatter  obtained  in  the 
calculated  response  points  and  the  fairing  made in such  cases. Fig- 
ures  14(b)  to 14 (a) present  composites of these  curves  showing  the  Mach 
nmber variation.  The  double  peak found in these  responses is rather 
unusual and  at  first  seems  to  indicate  the  presence  of  two  modes  of 
oscillation  with  natural  frequencies  fairly  close  together.  The simi- 
larity  in  magnitude of the  natural  frequencies  of  the  langftudinal and 
directional  modes  plus  the  large  mode  coupling  appears  to  offer a basis 
for  explanation of the  shape of the  longitudinal  frequency-response 
cwves. However,  the  time  histories of pitching  velocity do not appear 
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t o  contain two frequency modes, nor i s  there any natural frequency i n  
pitch o r  yaw closely corresponding t o  the lower frequency-response peak. 
In  an effor t  t o  show the effects of engine gyroscopic  coupling, tests 
were made performing elevator  pulses a t  a given speed and altitude  with 
the engine idling and a t  maximum revolutions  per minute. To achieve as 
large a difference in engine speed as possible,  the  tests were performed 
a t  15,000 fee t  where the engine can be idled a s  low as 60 percent of 
maximum rpm. The tests  consisted of a pulse made with the engine idling 
a t  60 percent of maximum rp while the airplane speed was decreasing 
through M = 0.6. Another pulse a t  100 percent rpm was made while the 
airplane speed was increasing  through M = 0.6. The frequency-response 
calculations  for  these  pulses  are  presented & figure 1.5. The frequency- 
response plot shows that the  difference between the maxirmrm and minimum 
in   the double peak is  s l ight ly  less for   the low rpm than f o r  the 100 per- 
cent  case.  This  difference would tend t o  substantiate  the  fact that 
there is  an  engine  gyroscopic moment acting on the airplane. However, 
considering  the  accuracy of the tests, the  differences are too small for  
any definite conclusions t o  be drawn. 

In a fur ther  attempt t o  determine the cause of the double p e d  
longitudinal frequency  response, calculations of longitudinal frequency 
response were made from theoretical  transfer  functions  derived from 
simplified  equations of motion as shown fn the appendix. Two se ts  of 
calculations were made, assuming f i r s t  a twodegree-of-freedom  system 
and then a three-degree-of-freedom system. The two-degree-of-freedam 
system consisted of the  classical  longitudinal  equations and  assumed 
constant forward velocity. The three-degree-of-freedom system included 
the same  two previous  equations, modified t o  Fnclude a moment term due 
t o  gyroscopic coupling from yawing velocity. The third degree of freedom 
w&s assumed t o  be yaw about the Z-axis. This equatFon also included a 
m e n t  term due t o  p o s c o p i c  coupling from pitching  velocity. The 
transfer  function 8/Se was obtained f o r  both the two- and three-degree- 
of-freedom cases and the frequency  response was calculated by using 
longitudinal and simplified  lateral  derivatives which were obtained by 
assuming only a single degree of l a t e r a l  freedom.  These l a t e r a l  deriv- 
atives were calculated from the   f l igh t  data as described in   the  appmdix. 
These theoretical frequency-response calcuiations w e r e  made for  two 
Mach numbera, pi = 0.70 and M = 0.87, a t  40,000 feet and are  presented 
in  f igures l6 (a) and 16 (b) . The responees me aamittedly rough approxi- 
mations t o  the actud  a i rplane frequency  responses, s ince   a t   l ea s t  
two degrees of l a t e r a l  freedom me neglected along with dl i n e r t i a l  
and  aeroaynamic coupling t d .  However, it is evident tbt the dominant 
airplane response characteristics are demonstrated by the simplified 
three-degree-of-freedom calculations. Figure 16(b) shows that the fre- 
quency responses  obtained from the transfer  function of the three-degree- 
o f - f r e d m  system match in general shape and anrplitude the frequency 
responses  obtained experimentally (fig. 14). The agreement of frequency 
location  for  the corresponding peaks in  these  f igures is not too good. 



Results  of  calculations of 6/6e for  the  classical  two-degree-of-freedom 
system,  neglecting  coupling,  are  given  in  figure 16(a). rt is  interesting 
to  note,  in  comparing  the  two-degree-of-freedom  system  to  the  three- 
degree-of-freedan  system,  that  the  frequency  locations  of all the  peaks 
differ.  The  transfer  functions  were  factored to determine  the  roots  of 
the  numerator  and  denominator.  The  classical  two-degree-of-freedm  system 
was found t o  be of the  form 

d 

where  the  denominator has a pair  of  conjugate  complex roo t s .  The  three- 
degree-of-freedom  system  transfer  function was found  to  have  the  form 

6 (D + 73 (.' + AID + B 
- =  3 
6e (I? + A2D + B2) (L? + A3D -I- Bz) 

with a real  root and a pair of conjugate  complex  roots  in  the  numerator 
and two  pairs of conjugate  complex  roots in the  denominator.  The  complex 
roots  indicate  that  this  system has two  natural  frequencies.  However, 
as  shown  by  the  values  of  the  roots  given in  the  appendix,  the  conjugate 
complex  pair  in  the  numerator is close  to  the  value of one  of  the  conju- 
gate  complex  pairs in the  denominator and tends  to  cancel  the  effects of 
the  latter. 

' 

Figures 17, 18, 19, and 20 present,  respectively,  the  results of 
the  experimental  frequency-response  calculations  for  rudder  pulse p/S,, 
$h,, @pry and 6 / E r .  Since  some  differences  were  noted on  the  time 
histories  between  the  airplane  response  to  right  and  left  pulses,  the 
frequency-response  characteristics  are  presented  separately  for  right 
and  left  pulses. Also presented in each  figure  is a plot  showing  the 
individual  calculated  points  for a specific  type of response.  Plots 
of p/Er are  presented in figures  l7(a)  to l7(c). It will  be  notfced 
that  the  frequency-response  variations  with  Mach  number are  not always 
consistent.  It  is  not known whether  this  lack  of  consistency is due  to 
nonlinearity  in  some  aerodynamic  parameters  or to scatter in the  data. 
The  composites  for  right and left  rudder  pulses show little  difference 
except  that  the  left  pulses  have a smaller  amplitude  ratio  peak  at  the 
lowest  Mach  numbers.  The  general  remarks  made  about P/Sr are  true 
also for -$/Er and @,/Er (figs. 18 and 19). However,  for  the  rolling 
velocity  response @/Er (fig. 19) the  right  pulse  amplitude  ratio  peaks 
appear  to  increase  scanarhat  over  the  left  at  the  highest  Mach numbers, 
The  pitching  response  to  rudder  disturbance 6/Er is  presented in 
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L .  figure X). Although the differences in  amplitude r a t io  are small f o r  
right and l e f t  pulses,  the  differences  in phase angle are large. These 
differences were noted  previously from an examination of time histories. .* 

Aileron  pulses i n  both directions were also made and responses were 
analyzed in frequency  response form. The results fo r  rolling velocity 
response @/Ba axe presented in figure 21. Again, large  differences 
are noted i n  the curves f o r  right and l e f t  pulse groups. An ef for t  was 
made to  obtain the frequency  response $Fa but  the  results w e r e  not of 
sufficient  quality  to  present. 

Because of the complicated nature of the  transfer  functions of this 
airplane and the presence of some nonlinear  derivatives, no attempt has 
been made t o  determine the lateral stabil i ty  derivatives,  except some 
simplified  derivatives  for the longitudinal.  frequency-response caJ-cu- 
lation  described in the appendix. 

c A n  investigation of the aynamic s t ab i l i t y  of the  X-5 research air- 
plane a t  58 .p sweepback at alt i tudes of 40,000 fee t  and 25,000 f ee t  over 
a Mach nmber  range 09 0.50 t o  0.9 shows the f oll.odng: The longitu- 

except for  residual  oscil lations  result ing  principdly from engine gyro- 
scopic  coupling with the  la teral   osci l la tory mode. This engine  gyroscopic 
coupling results in motion i n  both the longitudinal and lateral osc€lh- 
tory modes f o r  either a longitudinal or l a t e r a l  disturbance. The lateral 
oscil latory mode exhibits moderately good damping except for  nonlinem 
damping characteristics above a Mach number of 0.80 w h e r e  the motion is  
well damped at large amplitudes and poorly damped for dorible amplitude 
sideslip  angles smaller than 2'. Small inadvertent aileron control 
motions often produce appmently undamped small amplitude oscillatfons 
in  the Mach  ntrmber range above 0.80. 

* dinalmotions axe wel l  damped over the ent i re  Mach  number range tested 

By the  current  military  aircraft dynamic s t ab i l i t y  requirements, 
the  lateral   oscil latLon i s  unsatisfactory over most of the Mach nmber 
range. The pi lo ts  concur with th i s  finaing and report the airplane t o  
be particularly  intolerable in the range WLth nonlinear damping 
Characteristics. 

The longitudinal frequency  response e/se has a large and unusual 
double peak near the short  period natural frequency.  Theoretical  calcu- 
lations have shown that engine  gyroscopic coupling effects  are  princi-  

I pally  responsible f o r  the shape of the 6/S, frequency-response  curves. 
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Lateral  frequency-response calculations show same  differences for right 
and  left rudder or aFleron pulse dis:urbances, particularly the longi- 
tudinal respome to a rudder pulse O/S, and  the  lateral  response  to 
an aileron pulse @/a. 

High-speed  Flight  Station, 
National Advisory Committee f o r  Aeronautics, 

Edwards, Calif., August 3, 1955. 
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APPENDIX 

t 

I 

DERIVATION OF A SIMPLIFIED THEORETICAL TElANSFER FLTNCTION 

DESCRIBING THE EWGINE GYROSCOPIC COUPLING EFFEZTS 

The form of the  equations  of  the  two-degree-of-freedom  system and 
its  transfer  function will not be presented in this paper  since It is 
generally  well known and be found h reference 6. All the  derivatives 
and  airplane  constants  used In the  calculations  are  contained in the 
derivatives and constants  listed  for  the  three-degree-of-freedom  system 
(table 11). 

The  equations  of  motion  assumed for the  three-degree-of-freedm 
syatem  are: 

These  equations  assume  that the stability  axes  coincide d t h  the  airplane 
prfncipal  axes of inertia and that  there  are  two-degrees-of-longitudinal 
freedom and one-degree-of-lateral  freedom. In formulating  these  equa- 
tions it was assmed that  the  rotating  engine mass produced  gyroscopic 
moment  proportianal t o  the  precessional angular velocity  where 

R = axid moment of inertia,  slug-& 

G = spin of engine mass, radians/sec 

A = precessiod an@;~la;r velocity, raans/sec 

Q = moment,  ft-lb . 

The coupling  derivatives cmj, and Cn6 were  obtained as  follows: Let 

M = pitching moment 
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then 
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M c m  = - 
@ E  

letting 

M = Q = RGA 

where 

A = $  

"he  yawing-moment  derivative Cn6 is  obtained in a similar manner so 

that  Cni = - RG The  derivative C corresponds  to  the usual deriv- 
ative CnB. In assuming a single-degree-of-lateral  freedom -p = $ 

qfl,' 9 

and -CnB = cn$' 
For this simplified  case 

This  relationship was used  to  calculate C, The  other  lateral  deriv- 
ative Cn+ W&S found  to  have a very small effect  and was estimated. 
The other  derivatives in table I1 were  obtained  f'rom  figures and refer- 
ences  presented in this  paper. In eolving  the  equation,  let 

*- 

" IY 
qSE - 

t 



. Divide both sides of equation (1) by kl, equation (2) by k~, and eqw- 
t ion  (3) by k3. By solving these  equations e/%, is obtained as 

.here 

P + cmh 

C 
La 

-k2 kl k3 
" + -  

. -  
Qk3 

+ w3 
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The frequency  response was obtained from this t ransfer  function by subst i -  
tuting i n to  the t ransfer   funct ion  the proper values of the constants and 
D = Fcu. 

t 

t 

S u b s t i t u t h g  the aerodynamlc coef f ic ien ts  a t  M = 0.87 i n to  the  
transfer  functions and factorfng yields the  following  expressions: Twa 
degrees of freedom 

-15.08m + 1.510 
D2 + 2.8520D + 19.3572 

Three demees of freedom 

or 

15.082(D + 0.09gg)(D2 + 0.483) + 12.8%) 
(D2 + 2.56’1) + 21.8)(D2 + 0.8OD + 11.3) 

. 
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PHYSICAL C H A R A C T W E T I C S  OF BELL X-5 AlRpIdliE AT A SKEEP ANGLE OF 58.y 

Airplane: 
Weight. lb: 

F u l l f u e l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L e s s f u e l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mal-flow  turbojet   engine . . . . . . . . . . . . . . . . . . . . . . . . .  
F u l l f i e 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L e s s f i e 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
body axis). slug-ft2: 
AbOutX-axie . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AbOUtY-axiS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AbOUtZ-UiS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Overall height. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Overall length, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Power plant: 

Center-of-gravity  position.  percent M.A.C.: 

Moments of inertia for 58.70 sweep (clean  configuration full fuel. 

wing: 
Airfoil   section  (perpendicular  to 38.02-percent-chord l ine) :  

Root . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sweep angle at 0.25 chord,  deg . . . . . . . . . . . . . . . . . . .  
k e a ,  s q f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Span, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Span between equivalent  tips, f t  . . . . . . . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mean aerodynamic chord, f t  
Taper r a t i o  

Location of leading edge of mean  aerod;vnamic chord, fuselage  station 
Incidence  roat  chord, deg . . . . . . . . . . . . . . . . . . . . . .  
Dihedral, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Geometric tvist, deg . . . . . . . . . . . . . . . . . . . . . . . .  
Wing f laps   ( sp l i t ) :  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  

A r e a , s q f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Chord, para l le l  t o  l i n e  of symmetry at 20° eweepback, in . . Span, p a r a l l e l   t o  hinge  center line, f t  . . . . . . . . . . . . . .  

Root . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Travel,  deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Slats  (leading edge divided): 

ATea,sqft . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Chord, perpendicular t o  leading edge, in . . Span, paral le l   to   leading edge, f t  . . . . . . . . . . . . . . . .  

Root . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tcavel,  percent wing chord: 

Tip 

Forward . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Down . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Aileron (45 percent  internal-seal  pressure balance): 
Area (each ai leron behind  hinge line), sq f t  . . . . . . . . . . .  
Span para l l e l   t o  hinge center  l ine,  f t  . . . . . . . . . . . . . .  
Travel,  deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Moment area  rearward of hinge l ine   ( to ta l ) ,  in.3 
Chord, percent Wing chord . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  

. lo. 006 
* 7. 89+ 

J35-A-17 

. 45.0 . 45.5 

. 5. 165 . 9. 495 . 10. 110 . 12.2 . 33.6 

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

2Q.1 
19.3 
2.20 
0.411 
9.95 
101.2 

0 
0 
0 

. . . . . .  13.9 . . . . . .  6.53 

. . . . . .  30.8 . . . . . .  19.2 . . . . . .  60 

. . . . . .  14.6 . . . . . .  10.3 

. . . . . .  11.1 . . . . . .  6.6 

. . . . . .  10 
5 

. . . . . .  3.62 . . . . . .  5.15 . . . . . .  f15 . . . . . .  19.7 . . . . . .  4, 380 

. . . . . .  
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TABLE I . . Concluded 

PHYSICAL  CHARACTERISTICS OF BEZG X-5 AIRPLANE AT A SWEEP ANGLE OF 58.7' 

Horizontal tail: 
A i r f o i l  section  (parallel t o  fuselage  center  line) . . .  NACA 
Area. s q f t  . . . . . . . . . . . . . . . . . . . . . . . . .  
Span, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Aspect r a t io  . . . . . . . . . . . . . . . . . . . . . . . . .  
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  
Sweep angle at 0 -25-percent chord, deg . . . . . . . . . . . .  
Mean aerodynamic chord, in . . . . . . . . . . . . . . . . . .  
Position of 0.25 mean aerodynamic chord, fuselage  station . . 
Stabilizer  travel, (power actuated), deg: 

Leading edge up . . . . . . . . . . . . . . . . . . . . . . .  
Leading edge down . . . . . . . . . . . . . . . . . . . . .  

Elevator (20.8 percent overhang balance, 31.5 percent  span): 
Area rearward of hlnge l h e ,  sq f t  . . . . . . . . . . . . .  
Travel from stabilizel', deg: 

Q . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Down . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Chord, percept  horizontal tail chord . . . . . . . . . . . . .  
Moment area rearward of hinge l i ne  ( t o t a l ) ,  in.3 . . . . . . .  

Vert ical   ta i l :  
Airfoil   section  (pardlel  t o  rear "ge center 

1Fne) . . . . . . . . . . . . . . . . . . . . . . . .  NACA Area. (above rear  fuselage  center  line). sq ft . . . . . . . .  Span. perpendicular t o  rear  fuselage  center  lfne. f t  . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  
Sweep angle of leading edge.  deg . . . . . . . . . . . . . . .  
Mn: 

Area. s q f t  . . . . . . . . . . . . . . . . . . . . . . . .  
Rudder (23.1  percent over- balance. 26.3 percent  span): 

Area rearward of hinge m e .  sq f t  . . . . . . . . . . . . .  
Travel. deg . . . . . . . . . . . . . . . . . . . . . . . .  
Moment area rearward of hinge line. in.3 . . . . . . . . . .  
S p a q f t  . . . . . . . . . . . . . . . . . . . . . . . . . .  

. .  Chord. percent  horizontal t a i l  chord . . . . . . . . . . . .  

65A006 
31-5 
9.56 
2.9 

0 371 
45 

355 96 
42.8 

4.5 
7.5 

6.9 

25 
20 
30 

4. 200 

65~006 
25.8 
6.17 
1.47 
46.6 

24.8 

4.7 
4.43 
f35 

22.7 
3. 585 
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TABLE I1 

PARAMETERS USE33 IN ESTIMATING AIRPLANE FREQUENCY RESXRSE 

bp = 40,000 feet 1 
. 

c 
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0" Di hedra I 

(a) Three-view drawing. 

Figure 1.- B e l l  X-5 research airplane at 58.70 sweepback. 
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(b ) Photograph. 

Figure 1.- Concluded. - 
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Figure 2. - Aver&ge CwA during pul-se maneuver. 
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(a) M = 0.70. 

Figure 3.- Time history of airplane transient oscillation fn response 
elevator pulse at 40,000 feet .  
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(b) M = 0.85. 

Figure 3 .  - Continued. 
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(c) M = 0.96. 

Figure 3 . -  Concluded. - 
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Figure 4.- Period and damping f o r  the 1ong i tudTd  response of the 
X-5 airplane to an elevator pulse. 
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Figure 5.- Variation of the longi tudina l   s tab i l i ty   der iva t ives  Cm, 
and Cm6 + C% with Mach number. 
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Figure 6.- Time h i s to r i e s  of t rans ien t  oscillations in response t o  a 
rudder pulse at b , O O O  f ee t .  
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(b) M = 0.67. 

Figure 6.- Continued. 
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Figure 6. - Continued. 
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Figure 6.  - Conthued. 
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(f) M = 0.96. 

Figure 6. -  Continued. 
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Figure 6.- Concluded. 
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F w e  7..- S m a U  amplitude undamped oscillation with all controls held 
fixed to less than 0.05' motion. M = 0.88; hp = &,oOO feet. 
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Flgure 8. - Transient oscillation indicating various damping reglona. 
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Flguure '3.- Period  and damping for  the la teral  response of the X-5 airplane t o  a rudder pulse  input 
at 40,030 feet .  
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Figure 10.- Vwiation with Mach number of the anplitude of the residual 
l a t e ra l  oscillation at 40,000 feet. 
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Figure 11.- Period a d  daaping f o r  the l a t e r a l  response of the X-5 air- 
plane t o  a rudder pulse input at 25,000 f ee t .  
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Figure 12.- Comparison of the dyrlamic lateral s t a b i l i t y  of the X-3 air- 
plane with Milittuy Specifications,  reference 4. 
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Figure 13.- Comparison of the l a t e r a l  dyna,mic stability of  the X-5 air- 
plane with  superseded Air Force criteria, reference 5.  
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47 

(a) S W 1 e  calculation showing calculated frequency  response points. 
M = 0.69; hp = 40,000 feet .  

Figure 14.- Longitudinal  frequency  response as calculated from 
longitudinal transient responses. 
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Figure 14.- Continued. 
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Figure lb. - Concluded. 
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Figure 15 .- Longitudinal frequency response with engine idling and at 
maximum r p m  a t  15,000 feet  and Mach number of  0.6. 
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(a) Two degree-of-freedom  system. 

Figure 16.- Longitudinal frequency  response  calculated from theoretical 
transfer function. kp = 40,000 feet. 
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(b ) Three-degree-of -freedom system. 

Figure 16. - Concluded. 
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(a) Satrfple calculation ahowing calculated  frequency  response points 
a t  M = 0.75; hp = 40,000 fee-t. 

Figure 17.- Lateral  frequency  response B/S, as calculated from 
lateral   transient  responses.  
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(b )  Frequency response f o r  r ight rudder  pulses. 

Figure 17.- ContFnued. 
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w, radionshec 

( c )  Frequency response f o r  left rudder pulses. 

Figure 17. - Concluded. 
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(a) Sanple calculatfon showing calcuLated frequency  response points  
at M = 0.75; hp = 40,000 feet. 

Figure 18. - Lateral frequency  response +/& as calculated f r o m  
la teral   t ransient  responses. 
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( b )  Frequency  response of right rudder  pulses. 

Figure 18. - Continued. 
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(c) Frequency response of left rudder plses .  

Figure 18. - Concluded. 
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(b) Frequency  response for right rudder pulses. 

Figure 19. - Continued. 
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(a) Sample calculation sharlng calculated  frequency  response  points 
at M = 0.75; hp = h , o O O  feet. 

~igure 20.- LongtmU frequency response i/% calculates 
&om  later^^ transient  responees. 
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(b) Frequency respanse for right rudder pulses. 

Figme 20.- Continued. 
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( c )  Bequency response for  eft pulses. 

Figure 20.- Concluaed. 
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( a )  Sanple  calculation showing calculated  frequency  response  pointB 
at M = 0.88; hp = 40,oOO fee t .  

Figure 21.- Lateral frequency  response ()/Ea as calculated from 
lateral   transient  responses.  



(b) Frequency response for right aileron pulses. 

Figure 21.- Continued. - 
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( c )  Frequency response for left a i le ron  pulses. 

Figure 21. - Concluded. - 
NACA - Langley Field, VP. 


